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(图 1);当 σl ＜ σ ＜ σp
时，滑坡存在流变变形，经过一段时间的发展，滑坡的
残余强度 σr 不能抵抗滑坡的下滑力 σ，变形逐渐增
大，渐渐进入加速破坏阶段，直至整体失稳破坏，这种









Fig．2 Two basic modes of
stress-strain relationship

















































































































x∧(0) tk( ) = x t1( ) －
b1
a1[ ] (1 － ea1)e －a1(tk－t1)。(6)
式(6)两边对时间求导，得到速度随时间的变
化率为































x∧(1) t( ) = a2x t1( )
(a2 － b2x t1( ) )e －a(t －t1) + b2x t1( )
。(10)
累减还原可以得到预测位移值 x∧(0) t( ) 。






FK1 = FKmin + (Fs － FKmin)e
－γVδr ，
FK2 = FKmin + (F0 － FKmin)e
－γVδr 。{ (11)
式中:FK1，FK2别为加速段与减速段的摩擦力的值;
Fs 为最大静摩擦力;Vδr 为滑动速度;γ，δ 为试验常
量。将式中的指数函数展开成泰勒级数，得到
e －γVδr = 1 － γVδr +
1
2 γ
2V2δr + … + … 。(12)
取式 (12)前 2项代入式(1)得
FK1 = Fs － (Fs － FKmin)γVδr ，
FK2 = F0 － (F0 － FKmin)γVδr 。{ (13)





式(13)中，令(Fs －FKmin)γ = k，Fs = uNcosσ，FK1 = F，
Vδr = v，则处于加速运动阶段，滑坡的滑动摩擦力与
滑动速度之间存在如下关系:





F抗滑 = uNcosα － kv + c 。 (15)
式中 c为黏聚力。









= mgsinα － (umgcosα － kv + c)。(16)
















v∧(0) tk( ) = v t1( ) －
b3
a3( ) (1 － ea3)e －a3(t －t1)。(18)
式 (18)对时间积分，可以得到以速率为参量的
灰色 GM(1，1)预测模型的位移时间公式为
x∧(0) tk( ) =
b3 － a3v t1( )
a23




































































时刻为 1994年 8月 1 日，监测时间间隔为 15 d，剧
滑时间为 1995年 1月 30日凌晨 2点 30 分，监测资
料［5］如表 1。
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表 1 黄茨滑坡 B2监测点的监测数据
Table 1 Monitored displacements at monitoring point B2
测次 监测日期 监测位移 / cm 测次 监测日期
监测
位移 / cm
1 1994－08－01 1．0 8 1994－11－14 21．6
2 1994－08－16 3．3 9 1994－11－29 27．5
3 1994－08－31 6．1 10 1994－12－14 33．6
4 1994－09－15 8．3 11 1994－12－29 39．0
5 1994－09－30 10．5 12 1995－01－13 48．7






Fig．4 Original and fitted cumulative displacement vs．
time curves of Huangci landslide


























a1 = －0．217 61，b1 = 5．155;a2 = －0．223 98，b2 =
0．424 55;a3 = 0．308 06，b3 = 0．000 29。将求得的系
数以及 v(1)(t1)，vcr 分别代入式(20)、式(21)、
式(22)得模型的预报时间值 tr1 = 108．779 26，tr2 =
115．715 41，tr3 = 271．671 06。需要说明的是，位移
监测单位是 cm，vcr取 5 cm /d;由于以速率为参量的




与滑坡实际发生时间的差值，即 Δ = tcr －ts;δ 为相对
误差(%)，相对误差是绝对误差 Δ 换算成天数后
除以滑坡实际发生时间 ts 与时间序列 t1 之间的间
隔天数再乘以 100%。当滑坡预报时间与实际发生





Table 2 Forecasted occurrence time of Huangci




(cm·d－1) 预报日期 tcr Δ /d δ /%
① 位移参置GM(1，1)模型 vcr
= 5．00 1994－11－17 74 40．44
② 位移参置Verhulst模型 amax 1994－11－25 －87 －47．54
③ 速率参置GM(1，1)模型 vcr
= 5．00 1994－11－25 56 30．60
图 5 黄茨滑坡模型位移预测值－时间曲线
Fig．5 Comparison of predicted displacement vs．
time curve among three models















北岸，其下游 27 km 处是三峡大坝． 滑坡发生于





Fig．6 Original and fitted cumulative displacement vs．
time curves of Xintan landslide
表 3 新滩滑坡 B3监测点位移












1978－01 13．3 1979－07 126．4 1981－01 731．4 1982－07 1 117．8 1984－01 3 190．5
1978－02 16．7 1979－08 149．9 1981－02 739．1 1982－08 1 254．0 1984－02 3 342．6
1978－03 20．5 1979－09 302．0 1981－03 747．5 1982－09 1 504．8 1984－03 3 494．7
1978－04 24．8 1979－10 367．0 1981－04 762．7 1982－10 1 747．8 1984－04 3 646．8
1978－05 28．8 1979－11 404．5 1981－05 775．2 1982－11 1 823．6 1984－05 3 798．9
1978－06 43．4 1979－12 412．7 1981－06 784．0 1982－12 1 895．1 1984－06 3 951．0
1978－07 60．5 1980－01 427．9 1981－07 788．2 1983－01 1 995．8 1984－07 4 188．7
1978－08 66．5 1980－02 437．8 1981－08 791．1 1983－02 2 024．5 1984－08 4 521．7
1978－09 75．0 1980－03 442．4 1981－09 817．1 1983－03 2 056．4 1984－09 4 673．5
1978－10 77．6 1980－04 451．4 1981－10 819．1 1983－04 2 087．6 1984－10 5 195．6
1978－11 77．8 1980－05 456．4 1981－11 824．1 1983－05 2 119．7 1984－11 5 467．3
1978－12 87．8 1980－06 471．4 1981－12 832．1 1983－06 2 148．5 1984－12 5 705．0
1979－01 89．4 1980－07 520．4 1982－01 837．1 1983－07 2 277．9 1985－01 5 863．3
1979－02 93．3 1980－08 588．4 1982－02 840．6 1983－08 2 430．0 1985－02 6 012．7
1979－03 98．2 1980－09 688．4 1982－03 848．1 1983－09 2 582．1 1985－03 6 177．2
1979－04 99．7 1980－10 690．1 1982－04 926．1 1983－10 2 734．2 1985－04 6 304．5
1979－05 104．4 1980－11 721．8 1982－05 1 074．7 1983－11 2 886．3 1985－05 6 686．2





对于 Verhulst模型，选取第 36 个月以后的平滑
数据进行预测预报。分别用最小二乘法求解得模型
系数 a1 = －0．048 46，b1 = 110．605 22，a2 = －0．046 45，
b2 = 4．413 26，a3 = 0．066 64，b3 = 1．204 5×10
－7。将求
得的系数以及 v(1)(t1)，vcr分别代入式(20)、式(21)、
式(22)得模型的预报时间值 tr1 = 47．423 99，tr2 =
54．002 07，tr3 = 79．789 39。将预报结果列于表 4中。
表 4 新滩滑坡模型预报结果
Table 4 Forecasted occurrence time of Xintan
Landslide by different models
模型编号 判据 预报日期 Δ /d δ /%
① vcr = 5．0 cm /d 1981－12－13 1 423 47．54
② amax 1987－07－24 －319 －11．74
③ vcr = 5．0 cm /d 1982－07－01 1 290 40．26
注:amax 表示滑坡运动的加速度达到最大值









Fig．7 Comparison of predicted displacement vs． time
curve among three models
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GM (1，1)Model of Landslide Time Prediction
Based on Velocity Parameters
HU Hua1，2，XIE Jin-hua1，2
(1．College of Architecture and Civil Engineering，Xiamen University，Xiamen 361005，China;
2．Ｒesearch Institute of Xiamen University in Shenzhen，Shenzhen 518057，China)
Abstract:With tribology and grey system as theoretic basis，a GM(1，1)model of landslide time prediction based
(下转第 87页)
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Hazard Assessment of Debris Flow in Small Watershed of Miansi Town，
Wenchuan，Sichuan Province
YANG Tao1，2，TANG Chuan1，ZHU Jin-yong2，LIU Xin-lei2，XU Hui-liang2，YANG Cheng-zhang2
(1．State Key Laboratory for Geo-hazard Prevention and Geo-environment Protection，Chengdu University of
Technology，Chengdu 610059，China;2．Sichuan Chuanjian Geotechnical Survey and Design Institute，
Chengdu 610017，China)
Abstract:The massive debris flows of the Minjiang Ｒiver small watershed triggered by persistent rainstorm blocked
Minjiang Ｒiver，destroyed road and affected residents，causing enormous economic loss and casualties on July 10，
2013 in Miansi town，Wenchuan county． In this paper，the risks of debris flows in eight main debris flow gullies
were assessed via fuzzy comprehensive evaluation based on field investigation，remote sensed imagery interpretation
and terrain data processing． Wayao gully，Xindian gully and Sucun gully are of low risk;Anjia gully，Caopomozi
gully and Huaxi gully are of medium risk，Daxi gully and Cutou gully are of high risk． Furthermore，Cutou gully
which is of high risk was simulated under the actual rainfall frequency using FLO-2D． The outbreak scale of debris
flow and the risk characteristics of deposition fan were obtained． Finally，the simulation results were verified，and
hazard zoning map was made through the risk assessment． According to statistical calculation，the area of high risk
zone accounted for 61% of the deposition fan area of Cutou gully，medium risk zone 19%，and low risk zone 20%．
The risk assessment in the present paper offers a reliable reference for debris flow hazard assessment，disaster fore-
casting，engineering treatment and hazard zone partition in the study area．




on velocity parameter is established，and the landslide time forecast formula is deduced． Huangci landslide and
Xintan landslide are taken as case study． The prediction result is compared with those obtained by traditional GM
(1，1)model based on displacement parameter and Verhulst model． Ｒesults conclude that compared with the GM
(1，1)model based on displacement parameter，the GM(1，1)model based on velocity parameter could predict
landslide in advance，with the time closer to the factual landslide occurrence time;compared with traditional Ver-
hulst model based on displacement parameter，the GM(1，1)model based on velocity parameters could reflect the
change trend of landslide more accurately in addition to prediction in advance． Therefore，the GM(1，1)model
based on velocity parameter is recommended for landslide time prediction．




verify the correctness of prediction results． Case study show that the series model，parallel model and parallel-serial
coupled model could all enhance prediction accuracy，among which the parallel-serial coupled model is of the high-
est stability，followed by parallel model and then serial model． In addition，the prediction results are in consistency
with those by cusp catastrophe theory and Mann-Kendall test，indicating the effectiveness and feasibility of the pres-
ent prediction method．
Key words:subway;deep foundation pit;grey model;ELM neural network;coupling model
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